Morphological innovations such as the mammalian neocortex may involve the evolution of novel regulatory sequences. However, de novo birth of regulatory elements active during morphogenesis has not been extensively studied in mammals. Here, we use H3K27ac-defined regulatory elements active during human and mouse corticogenesis to identify enhancers that were likely active in the ancient mammalian forebrain. We infer the phylogenetic origins of these enhancers and find that ∼20% arose in the mammalian stem lineage, coincident with the emergence of the neocortex. Implementing a permutation strategy that controls for the nonrandom variation in the ages of background genomic sequences, we find that mammal-specific enhancers are overrepresented near genes involved in cell migration, cell signaling, and axon guidance. Mammal-specific enhancers are also overrepresented in modules of coexpressed genes in the cortex that are associated with these pathways, notably ephrin and semaphorin signaling. Our results also provide insight into the mechanisms of regulatory innovation in mammals. We find that most neocortical enhancers did not originate by en bloc exaptation of transposons. Young neocortical enhancers exhibit smaller H3K27ac footprints and weaker evolutionary constraint in eutherian mammals than older neocortical enhancers. Based on these observations, we present a model of the enhancer life cycle in which neocortical enhancers initially emerge from genomic background as short, weakly constrained "proto-enhancers." Many proto-enhancers are likely lost, but some may serve as nucleation points for complex enhancers to evolve.
Morphological innovations such as the mammalian neocortex may involve the evolution of novel regulatory sequences. However, de novo birth of regulatory elements active during morphogenesis has not been extensively studied in mammals. Here, we use H3K27ac-defined regulatory elements active during human and mouse corticogenesis to identify enhancers that were likely active in the ancient mammalian forebrain. We infer the phylogenetic origins of these enhancers and find that ∼20% arose in the mammalian stem lineage, coincident with the emergence of the neocortex. Implementing a permutation strategy that controls for the nonrandom variation in the ages of background genomic sequences, we find that mammal-specific enhancers are overrepresented near genes involved in cell migration, cell signaling, and axon guidance. Mammal-specific enhancers are also overrepresented in modules of coexpressed genes in the cortex that are associated with these pathways, notably ephrin and semaphorin signaling. Our results also provide insight into the mechanisms of regulatory innovation in mammals. We find that most neocortical enhancers did not originate by en bloc exaptation of transposons. Young neocortical enhancers exhibit smaller H3K27ac footprints and weaker evolutionary constraint in eutherian mammals than older neocortical enhancers. Based on these observations, we present a model of the enhancer life cycle in which neocortical enhancers initially emerge from genomic background as short, weakly constrained "proto-enhancers." Many proto-enhancers are likely lost, but some may serve as nucleation points for complex enhancers to evolve.
regulatory innovation | neocortical development | epigenetics | brain evolution T he evolution of animal morphology requires changes in fundamental developmental processes. Recent studies suggest that altered gene regulation during development contributes to morphological differences between species (1-4). In several cases, individual regulatory changes have been shown to have strong effects on morphology, including reduction or loss of existing anatomical units (5) (6) (7) . However, the mechanisms underlying morphological innovation, which includes the emergence of entirely novel anatomical structures and radical transformations of existing structures, remain unclear (see ref. 8) .
One hypothesis is that morphological innovations are driven by the widespread emergence of new regulatory functions. These may arise through several potential mechanisms: modification of regulatory elements with ancestral functions, exaptation of specific classes of transposons to generate new regulatory sequences, and emergence of new regulatory elements in situ from nonfunctional, unconstrained genomic sequences. Although recent theoretical work in flies suggests that entire regulatory elements can evolve from genomic background on relatively short time scales (9) , the de novo generation of regulatory elements by transposon exaptation is a particularly compelling mechanism. Many transposons include binding sites for multiple transcription factors, and transposition provides the means to deliver new regulatory functions to genes (10) . Transposons were reported to have altered gene regulatory networks in human and mouse embryonic stem cells (ESCs) (11) , and the origin and subsequent diversification of the placenta also likely involved widespread transposon exaptation (12) (13) (14) . However, the process of de novo genesis of developmental regulatory elements during mammalian evolution, and the potential contribution of these elements to morphological innovations, has not been extensively investigated.
The mammalian neocortex is one of the most important innovations in vertebrate evolution and provides an experimental system to study de novo birth of developmental regulatory elements. In all extant mammals, the neocortex is organized into six layers, each comprising neurons with distinct identities and connectivities (15) . The neocortex is derived from the dorsal pallium of the developing telencephalon, and its basic laminar architecture is specified during corticogenesis (15, 16) . Nonmammalian vertebrates lack the six-layered forebrain architecture that defines the mature neocortex (17, 18) . Adult structures derived from the dorsal pallium in birds and reptiles are vastly different from the neocortex at the structural, functional, and molecular level, complicating efforts to understand how the neocortex evolved (18) (19) (20) (21) (22) . A recent study reported major transcriptomic divergence between the adult mouse neocortex and various chicken forebrain structures, supporting the hypothesis that mammal-specific regulatory functions contribute to the divergent morphology of the mammalian neocortex (20) . Regulatory
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The neocortex mediates complex cognitive and motor tasks in all mammals. A long-debated question is how this complex structure evolved in primitive mammals. Here we investigate the role of novel mammalian gene regulatory sequences in the emergence of the neocortex and the mechanisms by which these sequences emerged. We find that ∼20% of elements active during human and mouse neocortical development were born in early mammals. These novel mammalian elements enrich for cell migration, cell signaling, and axon guidance functions, implicating these processes in neocortical origins. In contrast to recent studies, we propose a model in which novel regulatory elements emerge as short sequences of minimal biological significance. Many disappear, but those that survive become increasingly complex over time.
drivers of neocortical origins may therefore be found in the set of regulatory elements active during corticogenesis.
Recent studies have identified enhancers active during neocortical development in multiple mammals, making it possible to investigate the process and role of de novo enhancer genesis in this key mammalian innovation (23) (24) (25) . Here, we began with sets of enhancers defined using epigenetic signatures of enhancer activity in the human and mouse developing neocortex. This contrasts with recent studies that attempt to identify and characterize genome-wide regulatory changes over vertebrate evolution using comparative genomics methods alone (26, 27) . We identified neocortical enhancers that were likely active in the mammalian stem lineage and then inferred at what point these enhancer sequences emerged in vertebrate evolution. We found that ∼20% arose in the stem mammalian lineage, coincident with the emergence of the neocortex. These enhancers are overrepresented near genes involved in cell migration and axon guidance, most prominently in the ephrin and semaphorin signaling pathways. We did not find strong evidence for en bloc repeat exaptation as a mechanism for generating lineage-specific enhancers in the neocortex. Instead, our results evoke a model of enhancer evolution in which enhancers emerge from neutral background as simple regulatory sequences, or "proto-enhancers," comprising a small number of sites under weak evolutionary constraint. Proto-enhancers that survive likely undergo substantial modification and over time become composites of younger and older functional segments. Thus, the emergence of the neocortex likely involved the utilization and modification of ancient regulatory functions in the forebrain, coupled with the emergence of novel regulatory functions in stem mammals associated with fundamental neurodevelopmental processes.
Results

Defining a Set of Neocortical Enhancers Exhibiting Conserved Epigenetic
Marking in Mammals. We used histone H3K27 acetylation data from human and mouse developing cortex to identify enhancers active during corticogenesis (Fig. 1A) (23) . In each species, we examined three time points spanning critical events of corticogenesis, including the emergence of multiple transient proliferative embryonic zones in the dorsal pallium, which may be a mammal-specific characteristic; genesis and migration of cortical neurons; and initiation of neuronal connections (17, 22, 28) . To infer neocortical enhancers that were likely active in the mammalian stem lineage, we identified enhancer regions in human and mouse that showed reproducible activity in both species based on epigenetic signatures (Fig. 1A and Dataset S1). We chose this stringent approach to minimize potential false-positive enhancer calls. For the purposes of our analysis, we defined an enhancer marked in both species as a reproducibly marked human enhancer from the midembryonic, late embryonic, or early fetal time point that overlaps a reproducibly marked mouse enhancer from any mouse time point. The term "neocortical enhancer" hereafter refers to a human enhancer that is also marked in mouse as defined above.
Dating the Sequence Origins of Neocortical Enhancers. To identify neocortical enhancers that arose de novo in the mammalian stem lineage, we determined the vertebrate lineage on which each enhancer sequence emerged. First, we developed a method to assign inferred evolutionary ages across the alignable, nonexonic portion of the human genome ( Fig. 1B and Fig. S1A ). We identified sequence segments in the human genome that we inferred were specific to apes, primates, eutherians, therians, mammals, amniotes, tetrapods, gnathostomes, or vertebrates (Fig. 1C) . These segments were then intersected with the set of neocortical enhancers as defined above. We determined the age At each time point, the number of reproducibly marked human enhancers is shown that overlapped a reproducibly marked mouse enhancer at any of the three mouse time points. See also Dataset S1. (B) Schematic representation of our age segmentation approach. In the example shown, a human enhancer from the midembryonic time point is inferred to be mammal-specific because the oldest sequence window within the enhancer is of mammalian origin. A region that encompasses this mammal-specific enhancer was previously tested in a transgenic mouse enhancer assay (Vista element hs1386) and was shown to drive strong LacZ reporter expression in the developing neocortex at E11.5 (39) . See also Fig. S1 and Materials and Methods. (C) Vertebrate phylogeny highlighting the clades to which we assigned neocortical enhancers based on their sequence age.
(D) Distribution of enhancer ages in the late embryonic neocortex and other human embryonic and adult tissues (www.roadmapepigenomics.org) (46, 47) . The limb enhancer data were obtained from human E44 limbs. The total number of human enhancers that are also marked in mouse in the same tissue is shown below each chart. See also Fig. S1 .
of each enhancer based on the age of the oldest sequence segment within it. Using this approach, we found that ∼20% of neocortical enhancers were specific to mammals ( Fig. 1 C and D, Fig. S1B , and Dataset S1). The oldest part of these enhancers, hereafter referred to as the enhancer "core," likely originated in stem mammals as did the neocortex itself. We hypothesize that the majority of these mammal-specific sequences gained activity shortly after their birth in stem mammals. It is possible that some enhancers became active long after the underlying sequences were born but before divergence of the human and mouse lineages. However, we consider this to be less likely than the alternative hypothesis, as it would require the sequences to persist for long periods in the absence of purifying selection before gaining activity. We also examined a comprehensive adult liver H3K27ac enhancer dataset from placental mammals, and estimated that over 80% of mammal-specific enhancer sequences in this dataset were likely to be active in the placental mammal stem lineage (33) (see Materials and Methods).
We examined the age distribution of enhancers in other embryonic and adult tissues to understand if enhancer conservation patterns differ between tissues. The fraction of mammal-specific enhancers is roughly 20% in all of the tissues investigated ( Fig. 1D and Fig. S1B ), suggesting that the neocortex does not exhibit a disproportionately greater rate of mammal-specific regulatory innovation compared with other tissues. Adult tissues contain a higher proportion of recently evolved enhancers (eutherian-and therian-specific enhancers) than embryonic tissues. Conversely, embryonic tissues contain a higher proportion of ancient enhancers (amniote-, tetrapod-, gnathostome-, and vertebratespecific enhancers) than adult tissues. Thus, active enhancers in developing tissues are more ancient than those in adult tissues, consistent with previous studies supporting the "developmental hourglass" model of gene regulatory evolution, in which embryonic stages of development exhibit higher conservation of gene expression than earlier or later stages (29, 30) .
Mammal-Specific Neocortical Enhancers Are Enriched Near Genes with Ancient Functions. We next explored the potential functional impact of mammal-specific neocortical enhancers. We developed a permutation strategy to identify biological processes and pathways in which these enhancers are overrepresented ( Fig. S2A ; see Materials and Methods for details). The key component of our approach is that we restricted permutation of enhancers to genome regions of the same phylogenetic age; for example, mammal-specific enhancers were shuffled to mammal-specific segments of the genome. The advantage of this approach is that it potentially minimizes confounding enrichments arising due to the ages of the sequences alone (independent of their neocortical enhancer functions). To identify enriched processes and pathways, we associated mammal-specific enhancers and the age-matched permuted enhancers with nearby genes and compared the number of enhancers in Gene Ontology (GO) Biological Processes and KEGG annotated pathways ( Fig. S2A and Materials and Methods).
Mammal-specific neocortical enhancers are significantly overrepresented near genes involved in cell and neurite movement, including cell migration, the actin cytoskeleton, and axon guidance ( Fig. 2A and Dataset S2). Transcription and TGF-B signaling are also enriched. Axon guidance is of particular interest: Mammal-specific enhancers are significantly overrepresented near axon guidance genes at all three stages of development ( Fig. 2A and Dataset S2). Axons are guided to their targets during development by a variety of signaling molecules, including netrins, slits, ephrins, and semaphorins, which are received by specific receptors. These axon guidance subpathways are also enriched in mammal-specific enhancers: Ephrin signaling shows enrichment at all three stages of development, semaphorin signaling at two stages, and slit signaling at one stage (Dataset S2). Examination of the ephrin signaling subpathway reveals a trend seen in some enriched functional categories. Genes within this ancient pathway associate with ancient (amniote and older), intermediate (mammal-specific), and recently evolved (eutherian and therian) neocortical enhancers ( Fig. 2B ; see also Fig. S2B and Dataset S2). This suggests that some pathways active in the vertebrate forebrain have been recurrently modified by novel regulatory elements over the course of vertebrate forebrain evolution.
For comparison, we examined the potential functions of other clade-specific enhancers in the cortex and other tissues. Although mammal-specific and younger neocortical enhancers are overrepresented near axon guidance genes, recently evolved neocortical enhancers also exhibit a distinct set of enrichments, including intracellular signal transduction, response to stress, and protein ubiquination (Dataset S2 and Fig. S3 ). Amniote-specific neocortical enhancers are overrepresented near axonogenesis genes, and the most ancient neocortical enhancers do not exhibit any enrichments. Although there is some overlap of enriched functions across tissues (e.g., many signaling pathways), there are also tissuespecific signatures (Dataset S2). For example, active enhancers in the liver are overrepresented near genes involved in blood coagulation, insulin signaling, and a number of metabolic processes, which are all functions related to liver biology (Dataset S2 and Fig.  S3 ). In contrast, neocortical enhancers enrich near axon guidance genes and other brain-related processes (Dataset S2 and Fig. S3 ).
We also used an orthogonal method to investigate the function of mammal-specific neocortical enhancers by integrating our enhancer maps with gene coexpression analysis in the developing neocortex. Coexpressed genes likely share regulatory mechanisms in common. Therefore, sets of coexpressed genes that are enriched with mammal-specific neocortical enhancers may reveal biological pathways involved in neocortical origins. We generated a gene coexpression network using publicly available RNA-seq data acquired from multiple human neocortical regions from The identifier for cell migration is GO:0016477, for TGF-Beta signaling is GO:0007179, and for transcription is GO:0006351. See also Dataset S2 and Materials and Methods. (B) The axon guidance KEGG pathway was partitioned by subpathway (ephrin, semaphorin, netrin, and slit signaling) according to KEGG annotations. Enrichment of mammal-specific neocortical enhancers in each subpathway was evaluated by permutation. We also evaluated enrichment of enhancers that are more recent (eutherian and therian) and more ancient (amniote and older). The illustrated ephrin signaling pathway map is derived from the axon guidance KEGG pathway map and shows the late embryonic human neocortical enhancers that are associated with genes in this subpathway. The number of enhancers associated with each gene is shown within each colored circle. P values are BH-corrected permutation P values. See also Fig. S2B , Dataset S2, and Materials and Methods.
embryonic to early fetal development, which encompasses comparable developmental stages as the chromatin data we used to identify enhancers (Materials and Methods). This expression network consists of 96 "modules," which are subsets of genes with highly correlated expression across developmental time and space. We used permutation analysis to determine which network modules are significantly enriched with mammal-specific neocortical enhancers. As described above, we associated enhancers with genes and permuted enhancers to age-matched genome sequence. We found that 13 modules are significantly enriched with mammalspecific neocortical enhancers ( Fig. 3A and Dataset S3). We also examined overrepresentation of neocortical enhancers of other ages in the network. We found that some modules exhibit enrichment across most of the enhancer sets (e.g., enhancers specific to eutherians, therians, mammals, and amniotes are enriched in module 4), whereas some modules are only enriched with enhancers dating to a single clade (e.g., modules 8, 12, 27, 40, 47, and 81 are enriched only for mammal-specific neocortical enhancers) (Dataset S3).
The five largest modules enriched for mammal-specific neocortical enhancers (3-5, 7, 8) contain a sufficiently large number of well-annotated genes to detect potential functional enrichments ( Fig. 3B and Dataset S3). Module 3, containing 4,619 genes, is enriched with mammal-specific neocortical enhancers at all stages of development ( Fig. 3 A and B and Dataset S3). Mammal-specific enhancers in module 3 enrich for functions that emerged at the genome-wide level, including cell migration, axon guidance, transcription, and TGF-B signaling ( Fig. 3B and Dataset S2). Consistent with this, axon guidance and transcription-related functions are enriched with mammal-specific enhancers in three modules each ( Fig. 3 A and B and Dataset S2). Thus, coexpression network analysis independently points to many of the same functions revealed by genome-wide pathway analyses. Interestingly, the axon guidance subpathways mentioned above partition by module: Mammal-specific enhancers enrich near ephrinsignaling genes in modules 3 and 7 and near semaphorin-signaling genes in module 4 ( Fig. 3 A and B and Dataset S2).
Neocortical Enhancers Do Not Exhibit Strong Evidence of Transposon
Exaptation. Our functional characterization of enhancers that emerged de novo in the mammalian stem lineage suggests that these enhancers may have modified ancient developmental processes in the forebrain. Understanding the molecular mechanisms that generated these enhancers would shed further light on neocortical evolution and the origins of novel regulatory elements in general. Because transposable element-repeat exaptation has been implicated in regulatory and morphological innovation, we first examined transposable element repeats in neocortical enhancers.
To understand the background distribution of repeats in the age-segmented genome, we calculated repeat content across the Summary of functional categories that are significantly enriched in mammal-specific neocortical enhancers (colored in orange) in modules that are also enriched in mammalspecific enhancers. The axon guidance KEGG pathway was partitioned by subpathway (as described in Fig. 2 ), and each subpathway was also tested by module for enrichment with mammal-specific enhancers. See also Dataset S2.
alignable, nonexonic portion of the human genome. We used repeat annotations from two well-annotated genomes, human and mouse, to identify as many repeats as possible (see Materials and Methods). We found that a high percentage of positions in the most recently evolved genomic sequences (ape, primate, and eutherian) overlap with repeat elements, but this percentage declines in sequences of progressively more ancient origin (Fig.  4A , Left). We next investigated whether neocortical enhancers exhibit the same pattern, focusing on repeat composition in enhancer cores (the oldest region within each enhancer). The trend is similar in neocortical enhancer cores: Roughly 30% of bases in eutherian-specific enhancer cores intersect a repeat element, whereas less than 6% do in mammal-specific and older enhancer cores (Fig. 4A, Right) . This suggests either that the majority of mammal-specific and more ancient enhancers are not derived from repeats or that they are derived from repeats that have since lost their repeat signatures due to subsequent sequence changes. In either case, en bloc repeat exaptation-where the entire repeat or most of it was exapted and maintained in the host genome-is not a likely mechanism for the emergence of these older enhancer functions. We also examined the enrichment of repeats in enhancers of different ages by developing and implementing a permutation test that controls for sequence age. Repeat classes, families, and species emerge at specific points in vertebrate evolution. Therefore, genome sequences of specific phylogenetic ages will be enriched for particular repeats simply because of their age, irrespective of whether they encode enhancers or not. The goal of our analysis was to identify repeats contributing to the evolution of novel neocortical enhancers specifically, rather than new sequences in general ( Fig. S2A and Materials and Methods). Using this approach, we did not find strong enrichments (defined here as >threefold over background) of any repeat in neocortical enhancers of any age over what would be expected based on the ages of the sequences alone (Dataset S4 and Materials and Methods). We considered two possible explanations for why eutherianspecific neocortical enhancers exhibit relatively high repeat content, whereas older neocortical enhancers exhibit low repeat content. One possibility is that repeats played a larger role in the emergence of novel enhancer functions in stem eutherians than in more ancient lineages. Alternatively, the large number of repeats found in eutherian-specific enhancers may simply be a consequence of the age of the underlying sequence, rather than indicating a specific role for repeats in the evolution of new regulatory functions. To investigate these hypotheses, we examined signatures of inferred evolutionary constraint within repeat elements in enhancers. Strong evidence of constraint in repeats would suggest they specifically contribute to enhancer function. We assessed constraint using eutherian mammal phastCons conserved elements, which are defined based on inferred sequence constraint in eutherian genomes. To allow for comparisons of constraint across enhancer sets of different ages, we used eutherian phastCons elements for all sets. In eutherian-specific enhancer cores and most of the other sets, we found that a median of <1% of repeat-derived positions overlap a phastCons element (Fig. 4B and Fig. S4A ). Thus, repeats in eutherian-specific enhancer cores do not appear to encode strongly constrained regulatory functions.
Recently Evolved Neocortical Enhancers Exhibit Weak Constraint
Compared with Older Enhancers. The observation that unconstrained repeats make a substantial contribution to eutherian enhancer sequences suggests that enhancers of distinct ages may show categorically different degrees of constraint. We therefore considered the level of constraint, within eutherian mammals, in all neocortical enhancers. Although most eutherian-specific enhancer cores contain at least one eutherian phastCons element, these elements overlap a median of less than 5% of positions in those cores (Fig. 5A and Fig. S4B ). In contrast, a median of ∼25% of positions in mammal-specific enhancer cores and ∼75% in the most ancient cores are constrained (Fig. 5A and Fig. S4B ). In addition, the few bases that are constrained in eutherian enhancer cores exhibit weaker constraint scores (Fig. S4C) . We obtained similar results using other constraint metrics (average per-base phastCons score, average per-base phyloP score; Fig. S4D ), and the same pattern holds in other embryonic and adult tissues (Fig. S4E) . Although enhancer cores of all ages exhibit significantly stronger constraint than age-matched genome background [Benjamini Hochberg (BH) P < 0.00025 for all tests; Materials and Methods], eutherian enhancer cores clearly exhibit weaker constraint within eutherian mammals and have smaller constraint footprints than older enhancer cores. These results do not appear to be a product of poor alignability or lack of power to detect constraint in eutherian-specific sequences, as enhancer cores of all ages show high (>95%) and similar degrees of alignability in eutherian genomes (Fig. S4F ) and some eutherian sequences exhibit extremely high constraint [log-odds (LOD) scores >1,000]. Thus, our results suggest that the proportion of nucleotides encoding regulatory information under constraint in eutherian-specific enhancers, and the magnitude of constraint at those positions, is relatively small. Many recently evolved neocortical enhancers-despite their conserved biochemical activity-may not exert strong effects on gene expression or developmental processes compared with ancient enhancers and may be more likely to turn over. smaller H3K27ac signatures (Fig. 5B) . The evolutionary composition of neocortical enhancers provides a molecular basis for this phenomenon. As illustrated in Fig. 1B and summarized in Fig. 5B , many enhancers consist of a core that was likely the first functional unit of the enhancer under constraint as well as sequence segments of more recent origin. Younger and older sequence segments encompassed by the biochemical signatures of enhancer activity are not ordered in any particular arrangement. For example, in some cases, ancient segments are found in the center of the enhancer but in other cases are toward the edge, and ancient segments can be adjacent to recently evolved segments without intermediate-aged sequence in between (for one example, see Fig. S5A ). Also, there is no clear difference in segment arrangement between enhancer sets of different ages. In all sets, the most constrained segment can be found anywhere along the length of the enhancer, and there is no difference in the median location across sets (Fig. S5B) .
Older enhancers may have larger biochemical footprints because the derived sequences within them contain transcription factor binding sites that recruit chromatin modifiers over a wider area. Supporting this, derived sequences in neocortical enhancers also exhibit evidence of evolutionary constraint (Fig.  5C ). There are more positions under constraint in therian, mammalian, and older enhancers than can be accounted for by the cores alone, suggesting that derived sequences near the core contribute to enhancer function (Fig. 5C) . Moreover, the distribution of phastCons elements in derived sequences near enhancer cores is not just a property of the genome-wide background, as there are significantly more phastCons elements in derived segments of therian, mammalian, amniote, and older-than-amniote enhancers than expected (Fig. S5C) . This supports that enhancers are composites of functional segments of distinct ages and that cores are nucleation points around which enhancers can be further modified (see Discussion).
Discussion
Our goal in this study was to characterize the role of lineagespecific regulatory elements in the emergence of morphological innovations and to gain insight into the evolutionary mechanisms that generated those novel regulatory functions. Starting with biochemically defined enhancers, we used a comparative genomic approach to identify the subset of active neocortical enhancer sequences that emerged during the same period of vertebrate phylogeny as the neocortex itself. We did not observe a "burst" of mammal-specific enhancer innovations in the neocortex compared with other tissues-roughly 20% of enhancers in all of the tissues we examined are mammal-specific. To explore the role mammalspecific neocortical enhancers might have played in neocortical origins, we used two complementary metrics: pathway enrichment and enrichment in gene coexpression networks. Both methods independently point to many of the same processes and pathways, notably those related to cell and neurite movement. Because correct positioning of neurons and establishment of precise synaptic connections during corticogenesis play a prominent role in the formation of a laminar neocortex during development, it is not surprising to see these same processes altered during evolution of the structure. The sets of genes and enhancers we identified in these pathways provide a biologically informed starting point for future studies aimed at dissecting the precise genetic mechanisms underlying neocortical origins. Our results also provide insight into the evolutionary processes by which new enhancer functions arose in the cortex. We hypothesized that many of the lineage-specific neocortical enhancers we identified would be derived from repeat sequences, as repeats have been shown in other systems to drive regulatory innovation (11, 14) . If the primary mechanism of enhancer innovation in the neocortex was en bloc repeat exaptation, we would expect to find constraint across entire repeat bodies as well as strong repeat signals at distant time scales. Instead, we found that mammalspecific and older enhancers in the developing cortex and other tissues contain few detectable repeats. Eutherian-specific enhancers do contain many repeats, but this reflects eutherian-aged genome background, and only a small fraction of each repeat exhibits evidence of sequence constraint in eutherian mammals (Fig. 4B) . This is consistent with results from a recent study showing that many constrained eutherian elements are derived from repeats, but only a small fraction of bases within each repeat are under constraint (31) . Thus, widespread, en bloc repeat exaptation was likely not responsible for the emergence of novel neocortical enhancers at any of the time scales we investigated. It is possible that this mechanism of regulatory innovation is more likely to occur in cell-autonomous regulatory networks (such as in ES cells) or in tissues that show large lineage-specific variability (such as the placenta) (32) . Deeply conserved regulatory networks contributing to patterning and differentiation of morphological structures may be less flexible to such large-scale rewiring, as disrupting these networks would disrupt development.
Model of the Enhancer Life Cycle in the Vertebrate Forebrain
In the absence of widespread repeat exaptation, we propose an alternative model of the evolutionary life cycle of developmental enhancers in the forebrain (Fig. 6 ). We infer a mechanism of enhancer genesis based on characteristics of eutherian-specific enhancers and later stages of the enhancer life cycle based on older enhancers in our dataset.
Emergence of Proto-enhancers. Many eutherian-specific neocortical enhancers have small biochemical footprints and contain few positions under constraint (Fig. 5 ). This suggests that eutherian enhancers encode less regulatory information maintained by purifying selection than older enhancers. Although it was surprising to find that enhancers shared at the biochemical level are not strongly constrained at the sequence level, two properties of eutherian genomes help explain this result. First, eutherian genomes are highly similar due to the eutherian radiation; second, it is well understood that unconstrained, biologically nonfunctional sequences are able to recruit transcriptional machinery. A region of the eutherian genome that is not strongly constrained at the sequence level may thus exhibit conserved "enhancer" activity simply because it contains similar information content.
Based on this, we infer that neutrally evolving, biochemically active binding sites, such as those present in the eutherian genome, provided the raw material in earlier lineages for minimally functional regulatory elements to emerge in the neocortex (Fig. 6 ). These minimal elements, which we term proto-enhancers, consist of a small number of sites under evolutionary constraint. Repeat expansions appear to have been a major source of new sequences in mammalian genomes (Fig.  4A) ; thus, many proto-enhancers may emerge out of transposable element repeats but without en bloc exaptation of entire repeat sequences. Not all eutherian-specific enhancers are weakly constrained and therefore are likely past the protoenhancer stage of their life cycle. However, based on the large number that are weakly constrained, we infer that at any given time in the vertebrate forebrain, there exists a large pool of protoenhancers with biochemical activity. Many of these protoenhancers likely have weak or no effects on gene expression and are subject to rapid turnover (33).
To be clear, our inference that proto-enhancers existed in ancient vertebrate lineages is based on observations of eutherianspecific neocortical enhancers active in human and mouse. We are able to make this inference because the property of the eutherian genome that likely enables proto-enhancers to arise-its large size -was also a property of more ancient vertebrate genomes (34) (35) (36) . There is an increased likelihood in a larger sequence space that minimally functional elements will arise by chance out of nonfunctional DNA. Thus, any large genome is likely to contain thousands of proto-enhancers that are continuously turning over.
Proto-enhancers Evolve into Enhancer Cores. In contrast to the majority of eutherian-specific enhancer cores, older neocortical enhancer cores exhibit moderate to high sequence constraint (Fig. 5 and Fig. S4 ). This suggests that proto-enhancers that are maintained in evolution may serve as nucleation points for the formation of complex enhancer cores, which contain more regulatory information under constraint than proto-enhancers (Fig. 6) . If proto-enhancers in the forebrain emerged in past lineages from repeat-derived sequences as suggested above, then enhancer cores necessarily underwent substantial modification, as repeat signatures are minimal in older enhancer cores (37) . It is possible that the initial nucleation event, whether it occurs in a repeat element or not, makes chromatin around the site more accessible and visible to selection. This would facilitate the transformation of small proto-enhancers into complex regulatory cores.
Enhancer Cores Evolve into Composite Enhancers. Increased chromatin accessibility at an enhancer core may also facilitate the evolution of enhancer cores into composite enhancers (Fig. 6) . Two general characteristics of the older enhancers in our dataset indicate that they are composites of older and younger functional segments: They have larger biochemical footprints, and they contain derived sequences that are under constraint (Fig. 5 and Fig. S5 ). We find much support for composite enhancers in the literature. For example, a Fugu cis-regulatory element for Sox21 consists of a core sequence that is deeply conserved in deuterostomes and a lineage-specific flanking region, both of which are required for its robust transgenic activity in the zebrafish lens (38) . Experimental surveys of enhancers in transgenic mouse reporter assays also suggest that derived sequences contribute to enhancer function. For two ancient enhancers, a version that contains both ancient and derived sequences drove stronger lacZ reporter activity in transgenic mouse embryos than the ancient sequence alone, and in one of these cases, a novel expression domain was added (Fig. S5 D and E) (39, 40) . Finally, our observations are consistent with results from an earlier study that used noncoding conservation to identify blocks of sequence Composite enhancer Fig. 6 . A model of enhancer evolution in the neocortex. Based on characterization of the most recently evolved enhancers in our dataset, enhancers in the neocortex likely emerge as proto-enhancers, short sequences with low regulatory information content. These may emerge in situ from unconstrained sequences or arise from transposable element repeats. Many of these elements are likely lost over time, but some serve as nucleation points for complex enhancer cores to evolve. Based on characterization of the ancient enhancers in our dataset, proto-enhancers that survive undergo substantial modification, becoming composites of ancient and derived functional segments. constraint in vertebrates (41) . Similar to our enhancers, the constrained elements in this study exhibited two characteristics: Elements that are deeply conserved in vertebrates are longer than those conserved only between humans and rodents, and deeply conserved elements consist of a small ancient core sequence and derived sequences.
Our model of neocortical enhancer evolution presented abovethat regulatory elements emerge as simple proto-enhancers and increase in complexity and size over time-resembles models put forth on the life cycle of genes. A number of studies suggest that genes often arise de novo from noncoding DNA, and in fact this mode of gene birth may be more prevalent than gene duplication (42) (43) (44) (45) . Recently evolved "proto-genes" are short and simple and have high turnover rates. Proto-genes that survive transform into bona fide genes, which are longer, more complex, and under strong purifying selection. These models of gene and enhancer evolution suggest that genomes are full of minimally functional elements that stochastically emerge de novo from neutral sequence. The emergence of proto-elements may be a universal feature of large genomes. Many of these elements eventually disappear, but some of them provide the substrate for complex, highly constrained, and biologically central genomic elements to emerge. Taken together, our results support that large vertebrate genomes contain thousands of sequences at various stages of the enhancer life cycle. These may provide the substrate necessary for widespread regulatory innovations to occur by modification of existing sequence elements.
Materials and Methods
Tissue and ChIP-Seq. The cortical H3K27ac ChIP-seq data used in this study were generated previously (23) . Briefly, these data were derived from human cortical tissue from 7 postconception weeks (p.c.w.; referred to as midembryonic), 8.5 p.c.w. (referred to as late embryonic), and 12 p.c.w. (referred to as early fetal). Mouse cortical tissue was collected from embryonic day (E) 11.5 (referred to as midembryonic), E14.5 (referred to as late embryonic), and E17.5 (referred to as early fetal). Two biological replicates were used for each time point in each species. For human samples from 12 p.c.w. and mouse samples from E17.5 cortex, ChIP-seq reads from the primitive frontal and occipital lobes (which were microdissected and treated separately in ref. 23) were merged before read alignment and peak detection. The use of human embryonic tissue was reviewed and approved by the Yale Human Investigation Committee. Mouse cortical tissues were harvested according to approved Yale Institutional Animal Care and Use Committee protocols.
We included enhancer maps from additional tissues in some of our analyses. Human H3K27ac data for ESCs, spleen, liver, heart, small intestine, and kidney are from the Roadmap Epigenomics Project (www.roadmapepigenomics.org); for developing limb from ref. 46 ; and for a second replicate of ESC from the ENCODE project. Mouse H3K27ac data for developing limb are from ref. 46 and for ESC, spleen, liver, heart, small intestine, and kidney are from ref. 47 .
Identifying Enhancers Marked in Human and Mouse. ChIP-seq reads were aligned and peaks were detected as in ref. 23 . Reproducible peaks were defined as those having 1 bp minimum overlap between the two ChIP-seq replicates from the same time point and species. Reproducible peak boundaries were defined by merging the coordinates of each replicate. Reproducible peaks that did not overlap a 1-kb segment upstream of any transcriptional starts site or any annotated exon in Gencode (v10) were called putative enhancers.
Putative enhancers were then compared between species using liftOver from the UCSC genome browser. An enhancer region was considered marked in human and mouse if the human region lifted over to mouse at a unique location and if it intersected a reproducible peak from any time point in mouse by at least 1 bp; the intersected mouse peak was then required to uniquely lift over to human and intersect with the original human region. Such two-way orthologous enhancers were identified as having conserved epigenetic marking in human and mouse and were used in all downstream analyses.
Age Segmentation of the Human Genome and Inference of Phylogenetic Enhancer Ages. We used the 46-way MultiZ alignment from the UCSC genome browser for our age segmentation analysis. Other recent large-scale comparative genomic studies have also used the MultiZ alignment (26, 31) . We excluded species with genomes with less than 5× sequencing coverage, as low coverage genomes are known to result in alignment artifacts (26) . This left 25 high-quality vertebrate genomes for age segmentation (see Fig. S1A for a list of all of the species). Nonexonic regions of the human genome were profiled for age segmentation based on Gencode (v10) annotation. First, the human genome was split into 100-bp windows overlapping by 50 bp, and exons were subtracted from windows. In each window, the percentage of alignable bases to the human reference in each of the 25 vertebrate species was counted. The most distantly related species with at least 50% alignable bases to human was identified for each window, and that identification was used to assign the window to one of the following clades: Ape, Primate, Eutheria, Theria, Mammalia, Amniota, Tetrapoda, Gnathostomata, or Vertebrata. Ref. 26 used a similar method to date conserved noncoding elements in the human genome, but in that analysis only ∼33% of each element was required to align to identify its most recent common ancestor. To further reduce the number of misalignments in our dataset, sequences assigned to clades Amniota, Tetrapoda, Gnathostomata, and Vertebrata were required to align to intermediate species (for example, an amniote sequence was required to have at least 50% alignability between human and chicken, zebra finch, or lizard, in addition to 50% alignability between human and platypus; see Dataset S5 for the specific alignability requirements). If a window did not align with intermediate species, it was considered to have a low confidence alignment and was not used to date enhancers. After inferring phylogenetic ages for each genome window, overlapping or adjacent windows of the same age were merged into longer segments. To infer phylogenetic ages of enhancers marked in human and mouse, the human enhancers were intersected with the agesegmented human genome. The oldest segment intersecting an enhancer by ≥100 bp was used to assign the enhancer to one of the groups mentioned above. Enhancers assigned to groups Tetrapoda, Gnathostomata, and Vertebrata were pooled into one group called "Older Than Amniota."
To infer the percentage of mammal-specific neocortical enhancers that were active in early mammals, we leveraged a comprehensive adult liver H3K27ac dataset from placental mammals (33) . As argued in ref. 33 , if liver enhancer activity is shared in many lineages among several distinct clades of placental mammals, it was likely active in stem placentals. We defined a set of liver enhancers that exhibit shared activity in human and mouse, and then dated these enhancers using our enhancer dating approach. We determined that >80% of "mammal-specific" liver enhancers also have activity in at least one other placental mammal with a high-quality genome that is outside the humanmouse clade, suggesting they were likely active in early placental mammals.
Permutation Enrichment Analysis for KEGG Pathways and GO Terms. To identify KEGG pathways and GO Biological Process terms enriched with neocortical enhancers, we developed a customized permutation test based on shuffling neocortical enhancers to age-matched genome segments. Each set of human neocortical enhancers at each time point in human that was assigned a phylogenetic age as described above (Eutheria, Theria, Mammalia, Amniota, Tetrapoda, Gnathostomata, and Vertebrata) was randomly reassigned to genome segments with the same age as the enhancers (each enhancer had to intersect an age-matched genome segment by ≥100 bp and could not intersect any older segment). In addition, reassignment was required to be on the same chromosome and with a similar distance to a gene (enhancers were categorized as being within 10 kb of a gene, 100 kb, more than 100 kb, or within an intron) (12) . This permutation was performed 20,000 times, and these permuted sets of enhancers were used in all permutation tests referred to in the manuscript.
The association of enhancers to genes was performed using the regulatory domain rules from GREAT (48) . First, genes were assigned regulatory domains: the basal regulatory domain of a gene was defined as 5 kb upstream and 1 kb downstream of the transcriptional start site; the gene regulatory domain was extended up to 1,000 kb in both directions to the nearest gene's basal domain. After regulatory domain assignment, each enhancer or shuffled enhancer was assigned to all genes whose regulatory domain it overlaps.
For each set of enhancers (e.g., mammal-specific enhancers from the late embryonic time point in human) and permuted enhancers, the number of enhancers associated with genes in each KEGG pathway (August 2012) or GO term (Ensembl v65) was counted. The permutation P value for each test was calculated as the number of permuted enhancer sets with an equal or higher number of enhancers in each KEGG pathway or GO term than the observed set of enhancers, divided by 20,000 (the total number of permutations). The permutation P values were then corrected for multiple testing errors using the BH method (49) . We report in the Results a subset of enriched categories that have a BH-corrected permutation P value of <0.05, that are enriched at two or more time points, and that contain ≥20 enhancers. The complete results are presented in Dataset S2.
We also divided the axon guidance KEGG pathway into subpathways based on KEGG annotations: Netrin signaling, Ephrin signaling, Semaphorin signaling, and Slit signaling. We performed permutation enrichment analysis of the subpathways as described above. For Fig. 2B , we pooled the eutherian and therian neocortical enhancers from the late embryonic stage into a set called "younger than mammal" and pooled the amniote and older than amniote enhancers into a set called "older than mammal." For axon guidance subpathway permutation results, we did not require a minimum number of enhancers per category to report enrichment, as the subpathways contain many fewer genes.
Coexpression Network Analysis and Permutation Enrichment Analysis for Network Modules. In this study, we used a previously generated human neocortical coexpression network (23) . This network was constructed using RNA-seq data from human neocortical regions spanning 8-15 p.c.w., generated by the BrainSpan consortium (www.brainspan.org). Weighted Coexpression Network Analysis (WGCNA) was performed using the Bioconductor package WGCNA (50) . See ref. 23 for a detailed description of network construction. Modules were visualized in Cytoscape using the organic layout option. For Fig. 3A , Right, genes in module 3 with an absolute correlation coefficient >0.85 with any other gene in the module were visualized on the figure.
The expression correlation of all of the modules in the network was determined by correlating module eigengene expression. Module eigengene expression is similar to the average expression profile of the module. See ref. 23 for details on using module eigengene expression to construct the network of modules. For Fig. 3A , Left, we visualized modules in the network with an absolute correlation coefficient >0.20 with any other module.
To test for significant enrichment of neocortical enhancers of a certain age (e.g., mammal-specific enhancers) in each module in the WGCNA network, we used the permutation test described above, shuffling neocortical enhancers to age-matched genome segments. The number of neocortical enhancers and shuffled enhancers that were associated with genes in each of the modules (using GREAT rules as described above) was counted. The permutation P value for each test was calculated as the number of permuted enhancer sets with an equal or higher number of enhancers in each network module than the observed set of enhancers, divided by 20,000 (the total number of permutations). The permutation P values were then corrected for multiple testing errors using the BH method (49) . We note that mammalspecific enhancers in the cortex are likely to be correlated with genes expressed in the cortex, so there may be some background enrichment in the network that is "boosting" the observed enrichments compared with the set of all mammal-aged segments in the genome. However, we see enrichment in modules that are not highly expressed (e.g., modules 27, 54, 81, and 95), and we see a lack of enrichment in modules that are expressed (e.g., modules 2, 6, 9, and 10), which mitigates our concern.
For all network modules, we tested for overrepresentation of neocortical enhancers in KEGG pathways and GO terms as described above. We report in the Results a subset of enriched categories that have a BH-corrected permutation P value of <0.05, that are enriched at two or more time points, and that contain ≥10 enhancers. The complete results are presented in Dataset S2. For axon guidance subpathways, we did not require a minimum number of enhancers per category to report enrichment.
Repeat Analysis. We performed two complementary analyses of repeat content in enhancers. In the first analysis, we measured repeat overlap in the nonexonic human genome and in the neocortical enhancer sets we defined (Fig. 4) . Repetitive element annotations were downloaded from RepeatMasker tracks (May 2013 for human genome hg19 and mouse genome mm9) from the UCSC Genome Browser. To include ancient repeats that may not be annotated in the human genome, mouse annotated repeats were lifted over to hg19; those that lifted over were merged with repeats annotated in hg19 and included in the analyses below. For the intersection of repeats with aged genome segments (Fig. 4A, Left) , we counted the percentage of bases in all nonexonic human genome segments in each age category that overlap with repetitive elements. For the intersection of repeats with neocortical enhancers of different ages (Fig. 4A, Right) , we counted the percentage of bases in the enhancer cores (the union of all windows with the oldest age assignment in each enhancer) that overlap with repetitive elements.
In our second analysis, we examined enrichment of specific repeats in enhancer sets of different ages (Dataset S4). We were specifically interested in whether neocortical enhancers of a particular phylogenetic age are enriched for repeats over what would be expected due to the age of the underlying sequences. This would potentially identify specific repeats contributing to the evolution of novel neocortical enhancers in particular rather than new sequences in general. Other methods used to detect repeat enrichment (12, 14, 51, 52) were not suitable to use here, as these methods do not consider the nonrandom variation in the ages of background sequences in the genome when estimating the background expectation for enrichment tests. First, we estimated the phylogenetic ages of individual repeats in the human genome. Repeats annotated in hg19 were intersected with the agesegmented human genome, and the age of a repeat was determined as the age of the oldest segment intersecting with the repeat by ≥100 bp or containing >90% of the repeat. We then used permutation to test for the enrichment of specific repeats in neocortical enhancers of different ages (and those from other embryonic and adult tissues) (Dataset S4). Enhancers were shuffled to age-matched genome segments as described in previous sections. Only individual repeats with the same age as the enhancer cores were considered. The permutation P value for each test was calculated as the number of permuted enhancer sets with an equal or higher number of enhancers containing a specific repeat class, family, or species than the observed set of enhancers, divided by 20,000 (the total number of permutations). The permutation P values were then corrected for multiple testing errors using the BH method (49) . We performed the permutation test for all annotated repeats in RepeatMasker but present a filtered set of the most informative results in Dataset S4 as follows. We did not report results for simple/low complexity repeats, any repeat species with an unknown family or class affiliation, or repeats that intersect fewer than 20 enhancers and do not exhibit enrichments in any of our datasets. Some repeat classes, families, and species were found to be enriched, especially in the eutherian neocortical enhancers (BH permutation P value of <0.05, a minimum enhancer count of 20, and >1% of the enhancer set contains the repeat of interest). However, they were weakly enriched (defined here as less than a threefold enrichment relative to background; Dataset S4). We also examined depletions of repeats in enhancers, but few repeats appear to be significantly depleted in enhancers, and those that are depleted are weakly depleted (defined here as less than a threefold depletion relative to background) or are present at low copy number in age-matched genome segments overall (Dataset S4).
Evolutionary Constraint Analysis. Eutherian mammal phastCons elements and scores and per-base eutherian mammal phastCons and phyloP scores for the hg19 human genome assembly were downloaded from the UCSC genome browser (53, 54) . To infer levels of evolutionary constraint in enhancers, neocortical enhancers of different ages were intersected with eutherian mammal phastCons elements. We calculated the percentage of bases in enhancer cores that overlap with a phastCons element (Fig. 5A and Fig. S4 B and E). We also calculated the percentage of bases in repeat elements (annotated on hg19 and mm9 as described above) in enhancer cores that overlap a phastCons conserved element (Fig. 4B and Fig. S4A ). We also calculated the total number of bases in both the core and the whole enhancer that overlap a phastCons element (Fig. 5C ). Finally, we considered the best scoring eutherian mammal phastCons element in enhancer cores (Fig. S4C) , average per-base phastCons scores across enhancer cores (Fig. S4D) , and average phyloP scores across enhancer cores (Fig. S4D) . All methods for inferring constraint gave similar results.
For comparing evolutionary constraint of enhancer cores to age-matched genome background, we implemented the same permutation strategy described above (Results). We calculated the percentage of bases of enhancer cores and shuffled enhancer cores that overlap a phastCons element. The permutation P value for each test was calculated as the number of permuted enhancer sets with an equal or higher median fraction of bases covered by phastCons elements than the observed set of enhancers, divided by 20,000 (the total number of permutations). The permutation P values were then corrected for multiple testing errors using the BH method (49) .
To determine whether our finding of weak constraint in young enhancers was influenced by poor alignability in younger enhancer sequences, we examined sequence alignability in neocortical enhancer sets of all ages. For Fig. S4F , we looked at conserved 100-bp windows in enhancer cores, determined the percentage of aligned bases between human and each of the eutherian species in our dataset, and calculated the average percentage of aligned bases for each enhancer. Some values are above 1 because the human sequence may have deletions compared with the other species.
To test whether derived segments of enhancers are enriched with phastCons elements (Fig. S5C) , we permuted therian, mammalian, amniote, and older than amniote neocortical enhancers from the human late embryonic time point to random locations on the same chromosome. A total of 10,000 permutations were performed for each enhancer set. Permuted cores were annotated at corresponding positions within permuted enhancers.
Permuted enhancers were not allowed to overlap exons or 1 kb upstream of transcriptional start sites (as annotated in Ensembl release 67). Permuted sets of enhancers and cores were intersected with eutherian mammal phastCons conserved elements. The numbers of phastCons elements that intersected permuted enhancers and cores were summed across every chromosome for each individual permutation. We subtracted the number of phastCons elements that intersected permuted cores from the number that intersected permuted enhancers, which yielded the number of phastCons elements that fell outside of permuted cores. We compared the number of phastCons elements outside of permuted cores to that in therian, mammalian, amniote, and older than amniote neocortical enhancer sets. The z scores for the observed number of phastCons elements outside of cores were calculated based on the permutation distribution.
LacZ Mouse Transgenic Enhancer Assay. Images from previously tested enhancers hs322 and hs174 (Fig. S5D) were obtained from the VISTA Enhancer Browser (39) . Images for the previously tested enhancer HACNS1 (HACNS1 "full length" in Fig. S5E ) are from ref. 40 . The HACNS1 core (Fig. S5E ) sequence (chr2:236773664-236774216 in hg19) was cloned into a previously described Hsp68-lacZ reporter vector. Generation of transgenic mice and embryo staining was performed as previously described (55) . One injection series was performed.
Code. Scripts used to conduct all analyses can be found here: https://github. com/yinjun111/emera2016pnas.git.
